SUMMARY
INTRODUCTION
exponentially growing cells (19) . Fis is known to be involved in site-specific DNA recombination and participates in the regulation of growth-related genes, including those for rRNA, tRNA, and DNA replications (20) . It also regulates genes related to the catabolism of sugars and nucleic acids (21). The expression of fis is dependent on the growth phase of cells; the expressed fis mRNA reaches maximum level at the early-exponential phase then decreases rapidly (22) . Fis exists at maximum over 50,000 molecules per cell, bringing about the assumption that Fis binds to every 200 to 300 bp of E. coli chromosomal DNA (19, 22).
We found several Fis-like sites, which are homologous to the known degenerateconsensus binding sequence of Fis upstream of ptsG gene. ptsG P1 transcription is induced by glucose in the wild-type strain (wt) (6) . However, the opposite effect of glucose on the ptsG P1 activity in fis mutant compared with wt raises the possibility that either Fis is involved in Mlc-mediated repression or CRP cAMP-dependent activation of the promoter. We report here that E. coli can regulate the expression of ptsG prior to the modulation of other Mlc regulon due to the selective enhancement of Mlc-dependent repression as well as CRP-dependent activation of ptsG in the presence of Fis.
EXPERIMENTAL PROCEDURES

Materials
Cyclic AMP was obtained from Sigma (St. Louis, MI). RNA polymerase saturated with 70 , nucleotide triphosphates, [ -32 P]ATP, and [ -32 P]UTP were purchased from
Amersham Pharmacia Biotech (Uppsala, Sweden). The cycle sequencing kit was from
Epicentre Technologies (Madison, WI).
Bacterial strains and growth condition
All E. coli strains used in this study are MC4100 (araD139 argF-lacU169 rpsL150 thiA relA1 flb5301 deoC1 ptsF25 rbsR) derivatives. To construct a fis mutant strain, SR507, fis::Km region of SA37 strain (23) (a gift from Altuvia, S.) was transferred into MC4100 by P1 transduction. SR504 (MC4100 ptsG::Cm) was made by P1 transduction of the Cm R region of ZSC112L G strain (24) (a gift from Erni, B.).
fis::Km was transferred into SR505 (MC4100 mlc::Tc) (16) and SR504, through which SR575 (MC4100 fis -mlc -) and SR574 (MC4100 fis -ptsG -), respectively, were constructed. All strains were grown in Luria-Bertani (LB) medium (25) aerobically at 37 C.
Plasmid construction
Basic cloning protocols described by Sambrook and Russell (26) were used. PCR cloning of the ptsG promoter was carried out using primers that have unique restriction sites in their sequences. The clone was verified by DNA sequencing. The supercoiled plasmid pGX12 containing entire ptsG promoter region, and pGX10 carrying only by guest on October 1, 2017
http://www.jbc.org/ Downloaded from ptsG P1 promoter were made by inserting DNA fragments from base pairs -305 +132
and -75 ~ +132 between EcoRI and PstI sites in front of the rpoC terminator in plasmid pSA600, respectively (27).
Primer extension analysis
Cells were grown aerobically at 37 C overnight in LB. Overnight cultures were diluted 1:100 into fresh LB with or without 1% glucose. Total RNA was isolated from E. coli cells grown to mid-exponential phase (OD 600 = 0.5 0.6) using Trizol reagent (Life Technologies, Inc). To study ptsG transcription, 50,000 cpm of 32 P-labeled primer PG1
(5'-AATTGAGAGTGCTCCTGAGTATGGGTGC-3', complementary to +74 +102) was coprecipitated with 30 g of total cell RNA. Primer extension reactions were performed as described by Ryu and Garges (27).
In vitro transcription assay
Single-round in vitro transcription reactions were performed in a 20-l total volume containing 20 mM Tris acetate (pH 8.0), 3 mM magnesium acetate, 200 mM potassium glutamate, 1 mM dithiothreitol, 1 mM ATP, 0.2 mM GTP, 0.2 mM CTP, 0.02 mM UTP, 10 Ci of [ -32 P] UTP (800 Ci/mmol), 2 nM supercoiled DNA template, 5-20 nM RNA polymerase, 100 g/ml bovine serum albumin, and 5% glycerol. Regulator proteins such as CRP, Mlc or Fis were added to the reaction as described in the "Results". All components except nucleotides were incubated at 37 C for 10 min.
Transcription was started by the addition of nucleotides containing 200 g/ml of heparin and terminated after 10 min by adding 20 l of formamide loading buffer.
RNA was resolved by electrophoresis on 6% polyacrylamide gel containing 8 M urea.
The amounts of transcripts were measured using a phosphoimage analyzer, BAS2500
(Fuji Photo Film Co.).
Gel shift assay
A DNA fragment covering ptsG P1 promoter region was amplified by PCR using a pair of primers, PG1 and PGR3 (complementary to-54 ~ -78). PCR products were purified from 6% polyacrylamide gel as described by Sambrook and Russel (26) and labeled with [ -32 P]ATP. Purified protein(s), DNA probe, and 50 g/ml of poly (dIdC) poly (dI-dC) were mixed in the same buffer used for in vitro transcription at a 15-l total volume. The binding mixture was incubated for 20 min at 37 C. In the reaction containing RNA polymerase, heparin (200 g/ml) was added and further incubated for 
Potassium permanganate reactivity assay
Supercoiled plasmid DNA (2 nM), 20 nM of RNA polymerase, and regulator proteins were incubated for 20 min at 37 C in 20 l transcription buffer containing 100 mM each of two initiating nucleotides, ATP and UTP. After the addition of 2 l of 100 mM KMnO 4 , the reaction mixture was incubated for 30 s at room temperature. To terminate the reaction, 2 l of 14 M -mercaptoethanol was added. The reaction was precipitated, and the pellet was washed with 70% ethanol and resuspended in water, which was used as a template for 5 cycles of PCR with end-labeled PG1 primer (28). The PCR products were resolved on 6% sequencing gel.
Dimethyl sulfate (DMS) footprinting
Two nM of supercoiled plasmid DNA and proteins were incubated in 40 l of the transcription buffer. DMS methylation was started by adding 2.5 l of DMS (150 mM).
After incubation at 37 C for 5 min, the reaction was stopped by addingmercaptoethanol. The reaction was precipitate with ethanol in the presence of sodium acetate and salmon sperm DNA. The pellet was resuspended in water, which was used as a template for 5 cycles of PCR as described in potassium permanganate assay. The PCR products were analyzed on 6% sequencing gel.
RESULTS
Fis is required for both full repression and activation of ptsG
Role of Fis on ptsG expression was examined by analyzing the effects of fis mutation on ptsG transcription with various genetic backgrounds using primer extension assay.
When wt was grown in the absence of glucose, only the basal level of ptsG P1 expression was observed, whereas P1 promoter activity was highly induced in cells grown in the presence of glucose (Fig. 1A) . However, the effect of glucose on ptsG P1 expression was reversed in the fis -strain. ptsG P1 expression in fis -strain grown in the absence of glucose was markedly increased compared with wt ( In the case of ptsG P2 expression, the P2 promoter activity was also induced by glucose ( Fig. 1A ) (7) and increased in the fis mutant ( simultaneously, forming a highly ordered protein-DNA complex.
RNA polymerase binding at ptsG P1 promoter
We also examined the effect of Fis and CRP cAMP on RNA polymerase binding to ptsG P1 using DMS footprinting experiment. When Fis was incubated with supercoiled pGX12 carrying both P1 and P2 promoters of ptsG, Fis binding to site I protected guanine residues at -5 and +11, but increased DMS reactivity of -3 G. Fis binding at site II also generated characteristic changes in DMS reactivity at ptsG P1 promoter, increasing reactivity at -25 G and near -20 G (Fig. 4) . Binding of CRP cAMP to site I completely protected G residues at -47, -45, and -38 (Fig. 4, lane 7) . Consistent with our DNase I footprinting experiment, DMS reactivity patterns at the P1 promoter shown in the presence of either Fis or CRP cAMP were retained in the presence of both Fis and CRP cAMP (Fig. 4, lane 10) . Addition of RNA polymerase alone did not change DMS reactivity at the ptsG P1 promoter, and the presence of Fis showed no effect on RNA polymerase binding to the P1 promoter (lanes 2, 3, 5, and 6 of Fig. 4 ).
However, strong protection of G residues at -5 and -3 by RNA polymerase binding was detected in the presence CRP cAMP (Fig. 4, lanes 8 and 9) .
When Fis, CRP cAMP, and RNA polymerase were added at various combinations, complete protection of -5 G and significant reduction of DMS reactivity at -3 G was observed, whereas DMS reactivity at +11 G was restored (Fig. 4) . However, the altered DMS reactivity by Fis binding to site II and CRP binding to site I was retained under the same condition. These results strongly suggest that ptsG P1 promoter can be occupied simultaneously by CRP cAMP (at site I), Fis (at site II), and RNA polymerase, but Fis bound to site I is excluded by RNA polymerase in the presence of CRP cAMP.
ptsG P1 transcription is better repressed by Mlc in the presence of Fis
Influence of Fis on the Mlc repression of ptsG P1 was studied through in vitro transcription assay. Addition of Mlc reduced the CRP-activated P1 promoter activity to 50% of its full activity (Fig. 5A) . However, the P1 activity was repressed further to 32% when both Mlc and Fis were added to the reaction. The effect was specific to ptsG P1, because the repression of ptsH P0 promoter activity by Mlc was not affected by Fis (data not shown). These findings, together with the DNase I footprinting results, strongly suggest that more effective repression of the ptsG P1 activity could be accomplished through the formation of nucleoprotein complex containing Fis at ptsG P1.
Fis increases CRP-dependent ptsG P1 activity
We also investigated the effect of Fis on CRP-dependent transcription activation of ptsG using in vitro transcription assay. ptsG P1 is known as a typical class II CRPdependent promoter (6, 7). RNA polymerase alone could not initiate transcription from the P1 promoter, and the addition of Fis showed no effect on the P1 transcription (Fig.   5B ). However, P1 transcription was activated in the presence of CRP cAMP, and Fis further increased CRP-activated transcription of P1 (Fig. 5B) . However, Fis did not affect the activation of ptsH P0 by CRP cAMP (data not shown).
In the case of P2 promoter, 308-nt of transcripts were made from the P2 promoter regardless of the CRP cAMP presence in the reactions ( promoter, even when DNA containing only Fis site I and site II (pGX10) was used as a template (Fig. 6A, compare lanes 7, 8, and 9 ). Similar results were obtained through gel shift assay using DNA fragment ranging from -78 to +102 of ptsG promoter.
Incubation of either Fis or CRP cAMP with the DNA probe generated a single retarded band (Fig. 6B) . When both Fis and CRP cAMP were present in the reaction, Fis-DNA complex disappeared, whereas Fis-CRP-DNA complex was observed, an indication that Fis and CRP could bind simultaneously to the promoter region (Fig. 6B, lane 4) .
Incubation of the DNA probe with RNA polymerase only and subsequent heparin challenge did not generate any RNA polymerase-DNA complex as expected from KMnO 4 reactivity assay (Fig. 6B, lane 5) . When the same reaction was done in the presence of CRP cAMP, a heparin-resistant complex was detected, which was further increased by the addition of Fis (Fig. 6B, compare lanes 7 and 8) . However, addition of Fis only showed no effect on the stable RNA polymerase-DNA complex formation. (Fig. 3) , and
Mlc showed better repression of ptsG P1 in the presence of Fis ( What is the biological significance of these findings in ptsG expression? As E. coli cells are grown in the presence of glucose, ptsG expression is highly induced, because
Mlc action is relieved via direct interaction with unphosphorylated EIICB Glc during the glucose transport (13-15). However, transport of glucose into the cells results in the reduction of both CRP and cAMP (36). Thus, the level of ptsG expression is a sum of the two effects, i. e., derepression of Mlc and catabolite repression upon glucose uptake.
Plumbridge reported that ptsG expression in wt grown with glucose was 42% compared to that in mlc -strain grown with glycerol, which indicates the degree of catabolite repression in this gene (7) . The level of ptsG expression during E. coli growth on glucose appears to be sufficient to derepress Mlc action completely, considering that the level of ptsG expression was almost equal in both mlc + and mlc -cells grown in the presence of glucose (7). Regulation of manXYZ, one of the Mlc regulon, is mediated also by CRP cAMP and Mlc (10) . CRP binding to -40.5 of manX promoter, which has been categorized as a class II CRP-dependent promoter, is essential for its expression (10) . Other than ptsG, manX regulation is subject to more severe catabolite repression upon glucose uptake; the promoter activity in mlc + cells grown with glucose was no less than 20% of mlc -cells grown with glycerol (10) . Thus, we propose that Fis can alleviate catabolite repression on ptsG P1 through the In vivo effects of Fis on ptsG expression were studied using primer extension assay.
Thirty micrograms of total E. coli RNA, extracted at mid-exponential growth phase, was coprecipitated and annealed with end-labeled PG1 primer. Reactions were performed as described in "Experimental Procedures". The products were resolved on 6% sequencing gel. (A) Expression of ptsG in E. coli MC4100 strain (lanes 1 and 3)
and isogenic fis mutant strain (lanes 2 and 4) was examined. The strains in lanes 1 and 2, and lanes 3 and 4 were grown in LB without and with 1% glucose, respectively.
(B) ptsG P1 expression was monitored at various mutation backgrounds. ptsG P1 mRNA from ptsG -and fis -ptsG -strains grown with glucose were analyzed as shown in lanes 1 and 2, respectively. mlc mutant (lanes 3 and 6) and fis mlc double mutant strains (lanes 4, 5, 7, and 8) were grown in the presence (lanes 3-5) or absence (lanes 6-8) of 1% glucose. cAMP (2 mM) was added into the culture media of lanes 5 and 8. loading dye, respectively, and were resolved on 6% sequencing gel. 
